Geothermal exploration using imaging spectrometer data over Fish Lake Valley, Nevada  by Littlefield, Elizabeth F. & Calvin, Wendy M.
Remote Sensing of Environment 140 (2014) 509–518
Contents lists available at ScienceDirect
Remote Sensing of Environment
j ourna l homepage: www.e lsev ie r .com/ locate / rseGeothermal exploration using imaging spectrometer data over Fish Lake
Valley, NevadaElizabeth F. Littleﬁeld ⁎, Wendy M. Calvin
Great Basin Center for Geothermal Energy, University of Nevada, Reno, Reno, NV, USA⁎ Corresponding author at: Great Basin Center for Ge
Nevada, Reno, Mail Stop 168, 1664 North Virginia Stree
Tel.: +1 775 784 6115.
E-mail address: elittleﬁeld@unr.edu (E.F. Littleﬁeld).
0034-4257 © 2013 The Authors. Published by Elsevier Inc
http://dx.doi.org/10.1016/j.rse.2013.09.007a b s t r a c ta r t i c l e i n f oArticle history:
Received 3 April 2013
Received in revised form 5 September 2013
Accepted 6 September 2013






Imaging spectrometerThe U.S. currently leads the world in installed geothermal capacity with power plants in eight states, and explo-
ration for new electrical-grade geothermal systems is ongoing. Geothermal systems at depthmay be identiﬁed at
the surface by hot springs and fumaroles or byminerals produced by thermal ﬂuids (hydrothermal alteration and
hot spring deposits). Northern Fish Lake Valley, Nevada hosts two previously known geothermal ﬁelds. This
study expanded prospects and identiﬁed new areas for future exploration within the valley. We demonstrated
the potential for using remote sensing data to evaluate regions that are not well explored. We used visible,
near, and shortwave infrared (0.4–2.5 μm) remote sensing data to map surﬁcial mineralogy. Data were collected
by three airborne imaging spectrometer instruments, AVIRIS, HyMap, and ProSpecTIR, eachover different parts of
Fish Lake Valley. Minerals were identiﬁed using diagnostic spectral features. We veriﬁed remote sensing results
in the ﬁeld using a portable spectrometer to conﬁrm agreement between ﬁeld and remote spectra.
The discovery of additional geothermal resources in Fish Lake Valley may provide the necessary added incentive
to build costly transmission lines to this remote location.We used remote sensing data to delineate four new tar-
gets for future geothermal exploration in northern Fish Lake Valley. Two new areas of sinter and travertine de-
posits were identiﬁed northwest of the playa, likely deposited around fault-controlled hot springs during the
Pleistocenewhen thewater tablewas higher. Previously undocumentedMiocene crystalline travertinewas iden-
tiﬁed within the Emigrant Hills. Argillic alteration was mapped within ranges, where thermal ﬂuids were likely
discharged from faults to alter rhyolite tuff. Here we explain our data processing techniques which include a
novel decorrelation stretch designed for geothermal prospecting, and discuss how remote sensing results guided
our interpretation of the region's geothermal systems.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
Many geothermal systems are associated with magma bodies that
supply heat (e.g., Yellowstone, Long Valley), however, most of the geo-
thermal systems inNevada are amagmatic. Amagmatic systems occur in
extensional settings; meteoric water circulates along faults deep into
the crust where it is heated (Wisian, Blackwell, & Richards, 1999).
Ascending thermal water may result in hot springs or fumaroles at the
surface, generally at favorable structural settings where faults step,
splay, or intersect thus increasing fracture density (Faulds, Coolbaugh,
Vice, & Edwards, 2006). Geothermal systems do not necessarily have
hot springs and fumaroles at the surface; theymay have only subtle sur-
face expression including siliceous sinter, travertine, or tufa deposits,
and/or hydrothermally altered rocks. Playas above a geothermal system
may display borate or sulfate crusts. Vegetation may concentrateothermal Energy, University of
t, Reno, Nevada 89557, USA.
. Open access under CC BY license.around fault-controlled springs or become stressed near faults leaking
high concentrations of gasses such as SO2, H2S or CO2. Many obvious
geothermal systems in Nevada are currently exploited for energy
production and there is increasing interest in the detection and under-
standing of “blind” geothermal systems without obvious surface
features.
Fish Lake Valley in Esmeralda County, Nevada (Fig. 1) was selected
for geothermal exploration because of high temperatures in drill
holes, the presence of Quaternary borates, and young displacements
along nearby faults. The northern part of the valley is a pull-apart
basin opened where the dextral strike slip Fish Lake Valley fault zone
(FLVFZ) makes a right step into the central Walker Lane via the Emi-
grant Peak fault zone (EPFZ) (Reheis & Dixon, 1996). Some work has
been done to deﬁne two geothermal prospects in the region: the Emi-
grant and Fish Lake Valley prospects (Fig. 1). Surface expression of the
geothermal systems are limited and spatial extents poorly constrained.
The Fish Lake Valley prospect includes a cement tub of hot water piped
froma deepwell but nonatural hot springs or fumaroles. Theprospect is
associated with localized deposits of siliceous sinter and travertine. The
Emigrant prospect includes a small abandoned sulfur mine, a small fu-
marole, argillic alteration near faults, limited siliciﬁcation, and some
quartz and calcite veining (Hulen, Nash, & Deymonaz, 2005).
Fig. 1. (a) Regional fault map; orange shows the Walker Lane and the blue star shows the location of northern Fish Lake Valley (Figs. 1b, 3). (b) Hillshade of northern Fish Lake Valley
showing local faults. Yellow shows ProSpecTIR data coverage, blue shows HyMap data coverage, and red shows AVIRIS data coverage. Dashed box shows the location of Fig. 2. FLVGP,
Fish Lake Valley geothermal prospect; EGP, Emigrant geothermal prospect; FLVFZ, Fish Lake Valley fault zone; EPFZ, Emigrant Peak fault zone.
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expensive transmission lines. Fish Lake Valley's remote setting has
prevented development at either the Fish Lake Valley prospect or Emi-
grant prospect thus far because ~50 km of transmission lines would
be required (Hulen, Nash, Deymonaz, & Schriener, 2005). The discovery
of additional geothermal resources in the regionmay facilitate develop-
ment by providing added incentive to build transmission lines.
Remote sensingmay be used to remotely identify andmapmineral-
ogy based on spectral signatures of materials in the visible to shortwave
infrared region of the electromagnetic spectrum (0.4–2.5 μm). Imaging
spectrometer data have previously been used to identify and map sur-
face expression of other Great Basin geothermal systems (Kratt, Calvin,
& Coolbaugh, 2005; Kratt, Calvin, & Coolbaugh, 2006; Kratt, Coolbaugh,
Peppin, & Sladek, 2009; Kratt, Calvin, & Coolbaugh, 2010; Kratt, Sladek,
& Coolbaugh, 2010; Kratt, 2011; Martini, Silver, Pickles, & Cocks, 2003;
Martini, Hausknecht, & Pickles, 2004; Silver et al., 2011; Vaughan,
Calvin, & Taranik, 2003). In this study, we used imaging spectrometer
data to map geothermal deposits and argillic alteration within northern
Fish Lake Valley, and identiﬁed areas as targets for future geothermal
exploration.
2. Background
2.1. Geothermal indicator minerals
Many minerals are associated with geothermal systems, but the
most commonly remotely sensed geothermal indicator minerals in
Great Basin geothermal ﬁelds include alunite, kaolinite, opal, calcite,
muscovite, montmorillonite, chlorites, gypsum, and tincalconite. Alu-
nite can indicate alteration of potassium feldspars as a reactionwith sul-
furic acid or it may form from fumarolic activity. Kaolinite may be a
product of argillic alteration of feldspars, a low temperature reaction
which may result from acidic thermal ﬂuids moving through the rock,
or chemical weathering. It also forms in shallow steam-heated orfumarolic environments where rising steam condenses and/or mixes
with shallow groundwater. Opal is an amorphous silica gel deposited
in low temperature environments; it may ﬁll fractures or form siliceous
sinter deposits surrounding hot springs. The presence of sinter is of par-
ticular relevance in geothermal exploration because signiﬁcant sinter
deposits typically do not form unless the thermal waters have been at
temperatures greater than 180 °C at depth because of the enhanced sol-
ubility of silica at high temperatures. Calcite (or aragonite) can be an im-
portant geothermal indicator as it may represent travertine and tufa
deposits. Hot springs with Ca-rich water precipitate travertine as the
water is depressurized subaerially (Pentecost, 1995) whereas tufa is
deposited when Ca-rich spring water reacts with CO2-rich lake water
(Benson, 1994). Muscovite and montmorillonite may be related to
geothermal activity or weathering and cannot be used as decisive
indicators of hydrothermal alteration. Chlorites may be a product of
propylitic alteration of amphibole, pyroxene, and biotite. Gypsum and
tincalconite are evaporites deposited by sulfur- and borate-rich springs,
respectively.
2.2. Regional geology
Geothermal systems in the Great Basin are strongly controlled by
local fault structure. Understanding of regional tectonics allows for
structural understanding and therefore better exploration at the local
scale. East–west directed extension is typical in the Great Basin, howev-
er, the Walker Lane, along the western edge of the region (Fig. 1a), is
characterized by northwest-trending dextral faults (Stewart, 1988;
Wesnousky, 2005). The Mina deﬂection is a belt of east–northeast-
trending sinistral faults within the central Walker Lane (Wetterauer,
1977). The Mina deﬂection is expressed as a right step in a dextral
fault system, a displacement transfer that formed pull-apart basins in-
cluding northern Fish Lake Valley.
Bounding Fish Lake Valley to the west is the FLVFZwith a lateral slip
rate of 5 mm/yr since ca. 10 Ma, or about half the shear transferred from
Table 1
Details for instruments used in this study.a
Instrument HyMap AVIRIS ProSpecTIR
Spectral range 0.45–2.5 μm 0.4–2.5 μm 0.4–2.45 μm
Number of channels 126 224 368
Spectral resolution 0.015–0.017 μm 0.01 μm 0.0029–0.0085 μm
Signal-to-noise ratio (SNR) N500:1 ~1000:1 ~500:1
Spatial resolution (this study) 3 m 2 m 4 m
Instantaneous ﬁeld of view 0.057–0.17° 0.057° 0.075°
Total ﬁeld of view 61.3° 34° 24°
a Hymap: http://www.hyvista.com/?page_id=275; AVIRIS: http://aviris.jpl.nasa.gov/
aviris/instrument.html; ProSpecTIR: http://www.spectir.com/wp-content/uploads/2012/
02/ProSpecTIR_VS_specs_2011.pdf.
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(Reheis & Sawyer, 1997). Bounding northern Fish Lake Valley to the
east is the EPFZ and other parallel moderately- to steeply-dipping nor-
mal faults superimposed upon the older Mineral Ridge detachment
fault (Hulen, Nash, & Deymonaz, 2005; Oldow, Kohler, & Donelick,
1994) (Fig. 1b). Normal faulting along the EPFZ beginning ca. 5–6 Ma
resulted in the opening of the northern Fish Lake Valley pull-apart
basin (Reheis & Sawyer, 1997; Stockli, Dumitru, Mcwilliams, & Farley,
2003). The EPFZ Holocene vertical slip rate is 2.5–4 mm/yr, in agree-
ment with the high slip rate of the kinetically linked FLVFZ (Reheis &
Sawyer, 1997). Bounding Fish Lake Valley to the north is the Coaldale
fault, a main sinistral structure of the Mina deﬂection. Large displace-
ments on local faults likely allow for increased fracture permeability in
northern Fish Lake Valley.
Tertiary volcanic rocks overlie the surrounding ranges including
parts of the granitic White Mountains to the west and much of the
older metasedimentary rocks of the Silver Peak Range to the east
(Albers & Stewart, 1972). Pluvial Lake Rennie occupied northern Fish
Lake Valley from before 2 Ma to after 0.77 Ma (Reheis, Slate, Sarna-
Wojcicki, &Meyer, 1993) and a playa is nowpresent. Paciﬁc Borax Com-
pany mined borate mineral ulexite (NaCaB5O6(OH)6·5(H2O)) from the
east side of the playa during the 1870s. In 1939 ulexite wasmined from
Tertiary lacustrine rocks nearby in the Silver Peak Range (Papke, 1976)
near the Emigrant geothermal prospect. Boron-rich water tends to
come fromdeep in the Earthwhere thermalwaters have had the oppor-
tunity to dissolve boron from rocks, resulting in a statistical correlation
between high boron concentrations and thermal springs in Nevada
(Coolbaugh, Kratt, Sladek, Zehner, & Shevenell, 2006).
2.3. Emigrant geothermal prospect
The Emigrant geothermal prospect (Fig. 1b) was discovered in the
1980s when high temperatures were reported in shallow mineral ex-
ploration holes. In 2004 the U.S. Department of Energy awarded a Geo-
thermal Resources Evaluation and Demonstration Program III grant for
exploration at Emigrant. The prospect was mapped by Hulen, Nash, &
Deymonaz (2005). The surface expressions of the geothermal system
include a small native sulfur deposit, a small fumarole, warm ground,
argillic alteration near faults, and some siliciﬁcation, decalciﬁcation,
and quartz and calcite veining. Temperature measurements from bore-
holes indicate a thermal anomaly. Hulen, Nash, & Deymonaz (2005)
hypothesized that geothermal ﬂuids ascend along theMineral Ridge de-
tachment fault and move upward along the high-angle normal faults,
primarily at major fault intersections. The en echelon steeply dipping
normal faults within the Emigrant prospect have structural analogs at
other Nevada geothermal ﬁelds (e.g., Brady's, Desert Peak), which are
discussed by Faulds et al. (2006). In 2006 slimhole 17–31 was drilled to
2938 ft and commercial-grade temperatures up to 162 °Cwere recorded.
2.4. Fish Lake Valley geothermal prospect
The Volcanic Hills, composed of Tertiary rhyolite ash ﬂow tuff, are lo-
cated in north central Fish Lake Valley. The Fish Lake Valley geothermal
prospect spans the southern part of the Volcanic Hills onto the valley
ﬂoor (Fig. 1b). The prospect was discovered in 1970 by high tempera-
tures in a deep oil exploration well (Garside & Schilling, 1979). Since
then 13 geothermal wells have been drilled to deﬁne the resource
(Davis & Hess, 2009). Of the publically available temperature data, the
hottest measurement was 204 °C in an 8149 ft hole drilled by Fish
Lake Power Company. There are no hot springs or fumaroles in the re-
gion aside from a small cement pool of hot water ﬂowing from a deep
artesianwell. Reheis et al. (1993) described a siliceous sinter mound lo-
cated along a fault. Reworked Bishop ash and spherical pumice vesicles
within the mound suggest sinter was deposited after 0.77 Ma along the
edge of Pluvial Lake Rennie (Reheis et al., 1993). Sinter commonlyoccurs along faults where hot silica-saturated water moves upward
and cools below 100 °C (e.g., Beowawe, Steamboat Springs).
2.5. Previous remote sensing work
Martini et al. (2004) previously used hyperspectral HyMapdata over
Fish Lake Valley to produce a preliminary mineral map showing hydro-
thermal alteration mineralogy the theoretical intersection of the EPFZ
and the Coaldale fault, however ﬁeld work was never completed. Kratt
et al. (2009) previously used ProSpecTIR data to map sulfates and bo-
rates in Columbus Salt Marsh, directly north of Fish Lake Valley, in con-
junction with shallow temperature measurements and gravity data
(Kratt et al., 2009). Kratt et al. (2009) alsomapped geothermal indicator
minerals in the Volcanic and Emigrant Hills. We obtained these HyMap
and ProSpecTIR data for this study and used different processing tech-
niques than Martini et al. (2004) and Kratt et al. (2009).
3. Methods
3.1. Instrumentation
Imaging spectrometer data have recently been used for geothermal
mapping and exploration with encouraging results (Kratt, Calvin, &
Coolbaugh, 2010a; Silver et al., 2011).We used data from three different
hyperspectral airborne sensors in this study, HyMap, AVIRIS, and
ProSpecTIR. Data sets were collected independently of each other and
over different regions within Fish Lake Valley, with a slight overlap.
We later obtained all data sets so we could process the data using con-
sistent methods and make interpretations for the entire region, as well
as compare the sensors for their usefulness in geothermal exploration.
Commercial HyMap data are a product of HyVista Corporation based
in Australia. HyMap data are collected in 126 channels from 0.45 to
2.5 μm and generally have a high signal-to-noise ratio (SNR) (Table 1).
HyMap data were acquired on 4 July 2003 with a spatial resolution of
3 m. HyVista Corporation ﬂew several geothermal areas in 2003 and
we purchased the data in 2010. Airborne Visible/Infrared Imaging Spec-
trometer (AVIRIS) is operated by the Jet Propulsion Laboratory and is
primarily used to collect data for NASA-sponsored research projects.
The instrument collects data in 224 spectral channels from 0.4 to
2.5 μm. These data typically have a very high SNR (Table 1). AVIRIS
data were acquired over Fish Lake Valley on 19 March 2003 with a spa-
tial resolution of 2 m. AVIRIS datawere collected as part of a Department
of Energy-funded campaign. ProSpecTIR data are a commercial product
of SpecTIR Corporation based in Reno, Nevada. ProSpecTIR data are col-
lected in 368 channels from 0.4 to 2.4 μm by the ProSpecTIR VS sensor.
ProSpecTIR data generally have a lower SNR than HyMap and AVIRIS
data (Table 1). ProSpecTIR data were acquired on 29 October 2008
with a spatial resolution of 4 m. The data collection was focused over
Columbus Salt Marsh, to the north of Fish Lake Valley. SpecTIR Corpora-
tion provided the data at no cost after initial exploration in Columbus
Salt Marsh was completed. An advanced spaceborne thermal emission
and reﬂection radiometer (ASTER) level 1b scene over Fish Lake Valley
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spectral and spatial resolutions than HyMap, AVIRIS, and ProSpecTIR
data.
3.2. Field validation
We used an Analytical Spectral Devices, Inc. (ASD) FieldSpec Pro
portable spectrometer to validate remote sensing identiﬁcations both
in the ﬁeld and with hand samples returned to the laboratory. A white
halon plate was used as a reﬂectance standard to calibrate the instru-
ment. Reﬂected sunlight was measured in the ﬁeld and a halogen light
source was used in the laboratory. An ASD contact probe with a ﬁeld
of view of 10 mm was used. Field work was done to validate remote
sensing results and for preliminary geologic reconnaissance at geother-
mally interesting areas. For ﬁeld validationwe conﬁrmed each remotely
mapped mineral type, visited areas with abundant remotely mapped
geothermal minerals (alunite, kaolinite, opal, and calcite), and explored
areas where theseminerals occurred alongmapped faults or in associa-
tion with each other. We collected rock samples from many ﬁeld loca-
tions for ASD analysis. Field work was valuable for understanding
remote sensing results and reﬁning interpretations because stratigraph-
ic relationships, topography, and scale are readily apparent in the ﬁeld
but can be difﬁcult to comprehend from a mineral map.
3.3. Petrographic microscopy
Thin sections were made to understand micro-scale relationships
between opal and calcite for rocks from two locations within Fish Lake
Valley. Samples were chosen based on geologic observations in the
ﬁeld and in hand samples, aswell as ASD spectral analysis. Thin sections
were examined using a petrographic microscope. Calcite grains were




ENVI image processing anddata analysis softwarewasused for spec-
tral data processing. AVIRIS and ProSpecTIR datawere supplied as an at-
sensor radiance product. The ENVI MODTRAN-based atmospheric cor-
rection, Fast line-of-sight atmospheric analysis of spectral hypercubes
(FLAASH) was used to remove atmospheric effects and produce surface
reﬂectance images. The empirical ﬂat ﬁeld optimal reﬂectance transfor-
mation (EFFORT) spectral polishing algorithm (Boardman, 1998) was
used on the ProSpecTIR data to smooth noisy spectra. HyMap data
were supplied as a reﬂectance product produced using HyCorr2, a com-
bination of the ATREM atmospheric correction (Gao, Heidebrecht, &
Goetz, 1993) and EFFORT. All data were georeferenced using provided
ground look-up tables.
4.2. Statistical approach
A statistical approach was used to identify extreme spectra from the
reﬂectance data. A minimum noise fraction (MNF) transformation was
performed to remove noise (Boardman & Kruse, 1994; Green, Berman,
Switzer, & Craig, 1988). An MNF linear transformation consists of two
principal component rotations that remove band-to-band correlation
and scale noise to produce a set of images that are increasingly noisy
with decreasing eigenvalues (Boardman, 1993; Boardman & Kruse,
1994). Spatially coherent images with eigenvalues greater than 1
were used for further statistical processing and noisy images were
discarded, thus reducing spectral dimensionality and speeding subse-
quent calculations.
The selected MNF bands were used in the ENVI Pixel Purity Index
(PPI) calculation to identify spectrally unique pixels. The PPIcalculation, originally developed by Boardman, Kruse, and Green
(1995), systematically projects the data onto 10,000 random unit
vectors (Chaudhry, Wu, Liu, Chang, & Plaza, 2006). For each projec-
tion of the data, pixels in extreme positions are recorded as pure. In
the PPI image, each pixel is associated with a digital number (DN)
that represents the number of times it was recorded as extreme. Ex-
tremely pure pixels were selected and viewed using the ENVI n-D vi-
sualizer tool, which allows the user to visualize the pure pixel data
cloud rotating through n-dimensions. Extreme spectra classes were
deﬁned by selecting pixels furthest from the main data cloud. The
classes were exported as ENVI regions of interest (ROI) and their re-
ﬂectance spectra were examined to determine mineralogy.4.3. Decorrelation stretch
A more subjective approach was used to identify ROIs based on
techniques that visually highlight spectral differences. Color composite
images tend to be monochromatic and dull so a decorrelation stretch
(DCS) was used to produce images more useful to the interpreter
(e.g., Fig. 2). A DCS removes correlation between three input bands to
produce a highly saturated color image (Gillespie, Kahle, & Walker,
1986). Bands surrounding absorption features of interest were chosen
to be displayed in DCS images so that certain colors would display spe-
ciﬁc minerals or mineral groups.4.4. Mineral mapping
ROIs were created using the statistical and DCS approaches and typ-
ically contained tens of pixels with nearly identical spectra. ROIs were
used as input reference spectra for the ENVI matched ﬁltering (MF)
method (Boardman et al., 1995). This method produces one image for
each input reference spectrum. Each output image shows the degree
of similarity to the reference spectrum for every pixel in the scene. For
each MF image, a carefully chosen minimum threshold was applied to
select pixels that closely matched the reference spectrum; these pixels
were grouped together in an ROI that could be overlain on any image.
A closematch included pixels with the spectral shape for the diagnostic
absorption feature, and reﬂectance values ranging from approximately
35–170% of reference spectrum values. This wide range allowed for
pixels with the same absorption features to be mapped as the same
mineral despite albedo variations caused by illumination or shade
effects. Once mapped within an ROI, variation in reﬂectivity was
neglected. Approximately 50–75% of the additional pixels identiﬁed
using the thresholding technique had lower reﬂectance values and
therefore more subtle absorption features than the reference spectra.
Mineralogy was assigned to each ROI with reference to the USGS spec-
tral library. Classiﬁcationmapswere produced from ROIs showingmin-
erals in different colors. Mineralmapswere viewed in ArcGISwith other
geothermal and geologic data, ﬁeld locations, topography, and National
Agriculture Imagery Program (NAIP) air photos.5. Results
5.1. Pixel classiﬁcation
Classes of extreme pixels were identiﬁed from HyMap, AVIRIS, and
ProSpecTIR data. Each class had a unique spectral signature. Classiﬁca-
tion maps for each data type were combined to make a classiﬁcation
map for the entire northern Fish Lake Valley region. The classiﬁcation
map displayed classes of extreme pixels, each as a different color.
Remotely mapped classes were distributed throughout much of the
mapped region, predominantly within the higher elevation mountain
ranges or lower elevation hills, with very few classiﬁed pixels on the
valley ﬂoor.
Fig. 2. Three images of an area with travertine, sinter, and alunite, which are labeled in each. The location of the area is shown in Fig. 1b. (a) A false color composite of HyMap bands 105,
108, and 110 (2.16, 2.21, and 2.24 μm, respectively) displayed as RGB shows little color variation because the bands are highly correlated. (b) A DCS of the same bands displayed as RGB is
more colorful and highlights reﬂectance (compositional) differences as noted in the text. (c) A DCS of ASTER bands 5, 6, and 7 (2.16, 2.21, and 2.26 μm, respectively) displayed as RGB
shows similar coloring to (b) and could be used to identify geothermal indicator minerals.
Fig. 3. Mineral map over Fish Lake Valley showing four new target areas for future geo-
thermal exploration. Red highlights previously known geothermal ﬁelds. FLVGP, Fish
Lake Valley geothermal prospect; EGP, Emigrant geothermal prospect.
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We assigned mineralogy to remotely mapped classes based on spec-
tral signatures, with reference to the USGS spectral library (Clark et al.,
2007). Seven classes were identiﬁed as possible geothermal indicator
minerals, including alunite (KAl3(SO4)2(OH)6), kaolinite (Al2Si2O5(OH)4),
opal (SiO2·nH2O), calcite (CaCO3), muscovite (KAl2(AlSi3O10)(OH)2),
montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O), and amix-
ture of muscovite and clinochlore ((Mg,Fe2+)5Al(AlSi3O10)(OH)8)
(Fig. 3). Alunite was identiﬁed by a broad absorption feature at
2.16 μm and shallower feature at 2.32 μm. Kaolinite was mapped
using an absorption doublet at 2.16 and 2.2 μm. Opal was identiﬁed
by a broad Si–OH absorption feature at 2.2 μm. Calcite was mapped
using a carbonate absorption feature at 2.33 μm.Muscovite was identi-
ﬁed by absorption features at 2.2 and 2.35 μm. Montmorillonite was
identiﬁed by an absorption feature at 2.2 μm. The spectra for the
muscovite + clinochlore mixture show muscovite absorption features
at 2.2 and 2.35 μm and an additional feature at 2.26 μm. Fig. 4 shows




A DCS of bands at 2.16, 2.21, and 2.24 μm displayed as red, green,
and blue (RGB), respectively, was found to highlight geothermal min-
erals well. This DCS band combination was chosen to show mineral
spectral differences as different colors: alunite and kaolinite in blue,
muscovite in magenta, calcite in yellow/green, and opal in orange/red.
This DCS image provides a quick and simple method to make an initial
search for any geothermal indicator minerals in a region. An example
is shown in Fig. 2b where a DCS of HyMap bands 105, 108, and 110
displayed as RGB, respectively, shows yellow/green and orange/red
(travertine and sinter, respectively) in the hills, and a small blue area
highlighting alunite.
We tested a DCS of ASTER data over Fish Lake Valley using bands at
similar wavelengths. ASTER data are more accessible and much lessexpensive than HyMap data, therefore an ASTER DCS that highlights
geothermal minerals well could be useful for large-scale initial geother-
mal exploration. The DCS of ASTER bands 5 (2.16 μm), 6 (2.21 μm), and
7 (2.26 μm)displayed as RGB is shown in Fig. 2c. The colors in theASTER
DCS are similar to theHyMapDCS, however, the areas of interest are less
Fig. 4. Shortwave infrared spectra of selected geothermal minerals. USGS library ref-
erence reﬂectivity spectra are shown in black, ProSpecTIR reﬂectance spectra are
shown in red, AVIRIS reﬂectance spectra are shown in blue, and HyMap reﬂectance
spectra are shown in green. No opal or alunite was identiﬁed in the area covered by
ProSpecTIR and no alunite was identiﬁed in the area covered by AVIRIS.
514 E.F. Littleﬁeld, W.M. Calvin / Remote Sensing of Environment 140 (2014) 509–518obvious due to ASTER's lower spatial and spectral resolutions. Some
prior knowledge of the area is helpful to facilitate the identiﬁcation of
geothermal indicator minerals with the ASTER DCS.
6.2. Geologic interpretations
Remotelymapped hydrothermal alteration and geothermal deposits
(speciﬁcally, alunite, kaolinite, opal, and calcite) were used to target
four areas for future geothermal exploration. We also considered the
presence of mapped and observed faults. Faults may allow thermal
ﬂuids to ascend toward the surface, and fault intersections and/or
fault step overs generally enhance permeability (Faulds et al., 2006).
We expanded the Fish Lake Valley target to the north, and identiﬁed
three new targets for future geothermal exploration (Fig. 3). The new
targets are here named the Volcanic Hills, Emigrant Hills, and Silver
Peak Range areas (Fig. 3). The Emigrant Peak geothermal prospect was
not highlighted in remote sensing results.
6.2.1. Volcanic Hills area
Remotely mapped kaolinite within the Volcanic Hills suggests the
area is a target for future exploration. Kaolinite was remotely mapped
and veriﬁed within a slot canyon where the Miocene rhyolite tuff of
the Volcanic Hills has been pervasively altered to kaolinite. A fault cuts
across the zone of kaolinite and is represented by a brown plane with
slickenlines. ASD spectral analysis of fault plane material suggests a
composition of kaolinite and goethite.While the goethitemay be hypo-
gene and produced by oxidizing ﬂuids ascending along the fault, it may
be a weathering product. The fault has likely acted as a conduit for me-
teoric water, and perhaps also for the low pH ﬂuid that resulted in the
argillic alteration of the nearby rhyolite tuff. Minor concentrations of
muscovite and montmorillonite were remotely mapped near the
major kaolinite zone and may also be related to hydrothermal alter-
ation. Kaolinite was also mapped and observed in the next canyon to
the east.
6.2.2. Emigrant Hills area
ProSpecTIR data were used to map a large area of calcite within the
Emigrant Hills near Columbus Salt Marsh (Fig. 5). In the ﬁeld this is rep-
resented bybanded crystalline calcite that dips southward into a normal
fault mapped by Robinson, Stewart, Moiola, and Albers (1976). The cal-
cite is likely travertine deposited by CO2-rich hot springs as part of the
Esmeralda Formation.While the Esmeralda Formation is generally com-
posed of sandstones, shales, and marls that were deposited in Lake
Esmeralda during the Middle and Late Miocene, spring-deposited trav-
ertine has been observed within the formation at other locations in the
Silver Peak Range (Turner, 1900). Fluids likely ascended to the surface
along faults, dissolving CO2 as they moved through limestone beds in
the Palmetto and/or Harkless Formations, both of which lie beneath
the Esmeralda Formation. As suggested byMartini et al. (2004), this re-
gion of the Emigrant Hills is where the EPFZ and Coaldale fault theoret-
ically intersect; the intersection of the two faults likely allows for
increased fracture permeability, facilitating the upward ﬂow of thermal
ﬂuids that precipitated the travertine. An east-trending fault with sub-
horizontal slickenlines was observed adjacent to the travertine and is
likely a structure related to the Coaldale fault.
Mineral distributionmappedwithin the Emigrant Hills using HyMap
and ProSpecTIR data agrees with the results from Martini et al. (2004)
and Kratt et al. (2009). As noted byMartini et al. (2004), kaolinite is dis-
tributed along contacts between Tertiary rhyolite ash ﬂow tuff and shale
of the Ordovician Palmetto Formation where it is likely weathering-
derived. Remotely mapped kaolinite is also distributed along mapped
faults and newly recognized linear trends where it may be the product
of ascending thermal ﬂuids (Fig. 5). The principal difference between
ProSpecTIR results from this study and Kratt et al. (2009) is remotely
mapped kaolinite abundance. Some of the pixels mapped as kaolinite
by Kratt et al. (2009) were not recognized using ProSpecTIR data in
Fig. 5.Mineral map of the Emigrant Hills area. As discussed in the text, kaolinite is strongly correlated with mapped faults which suggests thermal ﬂuid leak along fault conduits to alter
rhyolite tuff. A large travertine deposit is shown in red.
Geology digitized from Robinson et al. (1976) by the Nevada Bureau of Mines and Geology and from Robinson and Crowder (1973).
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ite mapping by Kratt et al. (2009), indicating that our ProSpecTIR
FLAASH-derived reﬂectance data were slightly less effective than those
of Kratt et al. (2009) who used reﬂectance and other specialized prod-
ucts provided by SpecTIR Corporation.
6.2.3. Silver Peak Range area
This area of the Silver Peak Range is a zone of complicated faulting,
whichmay allow formore fracture permeability, acting as a preferential
zone for ﬂuid ﬂow. Kaolinite and muscovite were remotely mapped
within Tertiary rhyolite tuff, sandstone, and conglomerate. Some of
the clay minerals occur in linear trends and may represent hydrother-
mal alteration by ﬂuids leaking from faults. Theminerals are distributed
along at least one fault mapped by Robinson and Crowder (1973). As
conﬁrmed in the ﬁeld, distribution of themuscovite + clinochloremix-
ture in this area correlates with outcrops of the Harkless Formation, a
green phyllitic siltstone (Krauskopf, 1971; Robinson & Crowder, 1973;
Robinson et al., 1976). All rocks of the Harkless Formation are at least
slightlymetamorphosed (Albers & Stewart, 1972) thus clinochlore is at-
tributed to low-grade metamorphism unrelated to recent geothermal
activity. The region remains relatively unexplored and although de-
tailed ﬁeld work was beyond the scope of this study it may delineate
unmapped faults and help to determine whether remotely mapped al-
teration minerals are geothermal products.
6.2.4. Fish Lake Valley area
AVIRIS andHyMap data were used to remotelymapminerals within
the known Fish Lake Valley geothermal prospect. At the southern edge
of the Volcanic Hills kaolinite was remotely mapped within rhyolite
tuff in a large exploration trench adjacent to the drill pad for Fish Lake
Power Company's wells 88-11 and 88-11A (Fig. 6). This alteration is
near the Riek property, a tuff-hosted mercury deposit with associated
chalcedony (SiO2), sulfur, gypsum (CaSO4·2H2O), and cinnabar (HgS)
(Albers & Stewart, 1972; Bailey & Phoenix, 1944). All of these minerals
were veriﬁed in the ﬁeld using ASD spectral analysis. In 1985 commer-
cial temperatures of 204 °C and 147 °C at 8149 and 8589 ft depthswere
reported for wells 88-11 and 88-11A, respectively (Davis & Hess, 2009).Alunitewasmapped at one location, within Tertiary rhyolite ash ﬂow
tuff (Robinson et al., 1976) (Fig. 6). ASD spectral analysis in the ﬁeld ver-
iﬁed the presence of alunite, which occurs in a localized area within a
shallow exploration trench. Several small faults with slickenlines were
also observed within the rhyolite ash ﬂow tuff nearby. The faults are
ﬁlled with opal and surrounded by abundant hematite, indicative of
past hydrothermal ﬂuid ﬂow.
The AVIRIS- and HyMap-derived mineral maps show opal distribut-
ed along the southern part of the Volcanic Hills (Fig. 6). The large sinter
apron discussed byReheis et al. (1993) andmapped by Reheis andBlock
(2007) was remotely mapped as opal. The HyMap-derived mineral
map was used to extend the Fish Lake Valley geothermal prospect to
the northeast. Additionally, abundant calcite and opal were remotely
mapped northwest of the Fish Lake Valley playa. Opal was veriﬁed at
many ﬁeld locations where it ranged from opaline sinter to siliciﬁed
sands, often with opaline layers, variable clast size, and conchoidal frac-
ture. The rock textures and elevation of many sinter deposits are similar
to those at the apron discussed by Reheis et al. (1993). These similarities
suggest that sintermay have been deposited alongmuch of thewestern
shore of Pluvial Lake Rennie. Remotely mapped calcite in this area is
generally represented by gray travertine however, at one location, a
shallow pit revealed near-surface crystalline calcite interbedded with
carbonate-cemented gravels.
Alternating layers of travertine and siliceous sinter comprise low
hills northwest of the playa; examples of rocks from this area are
shown in Fig. 7. ASD spectroscopy of some rocks in this area revealed
components of both opal and calcite, showing the characteristic carbon-
ate absorption feature at 2.33 μm and a shallow feature at 2.22 μm, di-
agnostic of opal (Fig. 7c). Thin sections from rocks with this mixture
spectrum show detrital calcite grains cemented by opal (Fig. 7e). The
rocks with a pure opal spectrum contain fewer calcite grains (Fig. 7d).
Detrital calcite was likely derived from travertine local to pluvial Lake
Rennie. Travertine was likely precipitated when thermal ﬂuids mixed
with shallow aquifers containing dissolved CO2, whereas sinter was de-
posited by unmixed thermal waters.
Thermal ﬂuids likely ascended along fault conduits at the edge of
Pluvial Lake Rennie to deposit sinter and travertine (Fig. 6). Reheis
and Block (2007) mapped a normal fault adjacent to remotely mapped
Fig. 6.Mineral map of the expanded Fish Lake Valley geothermal prospect. Geology digitized from Robinson et al. (1976) by the Nevada Bureau of Mines and Geology, and from Robinson
and Crowder (1973); valley ﬂoor faults are from Reheis and Block (2007). Additional short fault segments with slickenlines were observed in the ﬁeld near sinter and travertine deposits
shown in the northeast corner of this image.
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segments of faults with slickenlines in this area. Alunite was mapped
uphill from travertine and sinter deposits, and may be a fumarolic ex-
pression of thermal ﬂuids ascending along faults. The water table may
have been too low to produce ﬂuid-derived geothermal deposits at
this higher elevation and instead steam produced alunite. The orienta-
tion of faulting in this region is consistent with normal faults to the
southwest within the valley ﬂoor. While the Emigrant Peak fault zone
on the eastern side of the valley is responsible for much of the opening
of the northern Fish Lake Valley pull-apart basin, these western faults
are also expressions of extensional movement. Extension likely allowed
for increased permeability along this series of normal faults, resulting in
the upﬂow of thermal ﬂuids. While the new addition to the Fish Lake
Valley prospect area has not been explored thoroughly some previous
drilling has been done in the area. AMAX drilled temperature gradient
Hole 34near themapped geothermal deposits but no data are publically
available. In 1992, Fish Lake Power Company drilled geothermal well
FLP No. 1 relatively close to the remotely mapped sinter and travertine
deposits. A maximum temperature of 64 °C was reported at 2470 ft
depth (Davis & Hess, 2009). A well drilled closer to the alunite targeting
a fault may reveal higher temperatures at depth. Although a geothermal
system is likely to exist in this region, sinter and travertine are not cur-
rently precipitating because the water table is too low. The northern
White Mountains have been uplifted ~1 km since the Pleistocene
along theWhiteMountains fault system (DePolo, 1989), thus increasingtheir orographic effect in Fish Lake Valley (Reheis et al., 1993). A 4 km
area with no remotely mapped geothermal deposits exists between
the original Fish Lake Valley geothermal prospect and the newly identi-
ﬁeddeposits northwest of theplaya. Additional sinter and travertinede-
posits may have been eroded away or the two areas may represent two
separate geothermal ﬁelds.
The entire expanded Fish Lake Valley target area is within the
HyMap data. Martini et al. (2004) identiﬁed the region northwest of
the playa as an interesting site with geothermal potential, but did not
focus targeted mineral mapping over the area. We completed this de-
tailedmineralmapping and identiﬁed surface expression of a potential-
lymuch larger geothermal system thanwas previously recognized. Opal
had not yet been remotelymapped; in this studymapping opalwas cru-
cial to the discovery of the siliceous sinter comprising much of the hills
northwest of the playa. AlthoughMartini et al. (2004) remotelymapped
calcite, it was not recognized that much of the calcite represents traver-
tine. Identiﬁcation of sinter and travertine within the expanded Fish
Lake Valley target area was a signiﬁcant result of this study.
6.2.5. Emigrant geothermal prospect
The Emigrant prospect has been a target for geothermal exploration
since the early 1980s and was covered by HyMap data. While Hulen,
Nash, & Deymonaz (2005)mapped argillic alteration, quartz and calcite
veining, siliciﬁcation, and decalciﬁcation, very little of the alterationwas
identiﬁed using remote sensingdata as it exists on a scale too small to be
Fig. 7. (a) Sample showing variable layers of opal deposition. (b) Rock samplewith detrital
calcite grains cemented by opal, collected from ~1 m below (a). (c) ASD reﬂectance spec-
tra from (a) and (b) showing a pure opal spectrum and the opal–calcitemixture spectrum,
respectively. Spectrawere collectedusing the tip of theASDﬁber optic cable,with aﬁeld of
view of ~5 mm. The small spot size highlights themicromixture of calcite and opal in (b).
(d) Thin section photomicrograph from (a) showing grain size variation in layers. Blue
epoxy shows void space. (e) Thin section photomicrograph from (b) which contains
more detrital calcite grains than (d) and therefore has an opal–calcite mixture spectrum.
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surface expression at the Emigrant prospect, a siliciﬁed deposit at the
small Green Monster sulfur mine, was identiﬁed as opal and kaolinite
using HyMap data. Opal and kaolinite were veriﬁed in the ﬁeld, and
some alunite, jarosite, illite, and gypsumwere also observed. High tem-
peratures in slimhole 17–31 validate the presence of a geothermal sys-
tem at this location, however, the regional surface expression was not
well imaged by the remote sensing data in this study.
7. Comparison of remote sensing data sets
While ProSpecTIR data are noisier than HyMap and AVIRIS data, the
comparison between ProSpecTIR and HyMap mineral maps over the
Emigrant Hills reveals many similarities. The HyMap mineral map
shows kaolinite distributed in some places where the ProSpecTIR map
does not, likely because subtle absorption features are not identiﬁed
in the lower SNR data. HyMap data are better for mapping minerals
with weak signatures, but for minerals with deep absorption features
ProSpecTIR data are as useful as HyMap data. The spatial resolutions of
ProSpecTIR and HyMap data for this study are similar at 4 and 3 m,respectively, this 1 m difference in resolution is not likely a major con-
tributor to differences in mineral maps.
HyMap and AVIRIS data sets were compared where they overlapped
at the southern edge of theVolcanic Hills (Fig. 1). HyMap andAVIRISmin-
eralmaps show the samemineralsmapped in the same locations. HyMap
data show opal in a slightly greater extent than AVIRIS. This is an artifact
of processing ﬂight lines individually. The spatial resolutions of HyMap
and AVIRIS data for this study are similar at 3 and 2 m, respectively, and
the two instruments have similar spectral resolutions (Table 1).
8. Summary and conclusions
In this study we used remotely mapped geothermal indicator min-
erals to identify four targets for future ground-based geothermal explo-
ration. The four targets were identiﬁed using remote sensing data over
~500 km2 area in northern Fish Lake Valley. Martini et al. (2004) re-
motely mapped and described the geothermal potential for one of
these targets, the Emigrant Hills area. We went to this area of the ﬁeld
to understand what the remotely mapped minerals represent on the
ground and observed an undocumented travertine deposit indicating
past geothermal activity. Two other areas that we identiﬁed as targets,
the Volcanic Hills and Silver Peak Range areas, have no documented
geothermal exploration history. The fourth, and most intriguing target
area includes the known Fish Lake Valley geothermal prospect and
newly identiﬁed geothermal expression ~4 km to the northeast. Hills
of sinter and travertine and nearby alunite suggest ancient hot springs
along the edge of Pluvial Lake Rennie and fumarolic activity at higher el-
evations. Hydrothermal ﬂuids likely ascended along normal faulting re-
lated to the strain transfer across the Mina Deﬂection. An increased
orographic effect in Fish Lake Valley, and therefore lower water table,
may mean that an active geothermal system exists at depth, despite
the lack of recent surface expression. Future detailed geologic mapping
and structural analyses could further delineate favorable structures for
ﬂuidﬂow, andwould be the next step toward targeting successfulwells.
We identiﬁed a combination of opal and calcite from theASD spectra
of a rock sample. Thin section analysis revealed calcite grains cemented
by opal. Here, remote sensing results lead us to the ﬁeld area of sinter
and travertine hills, and ASD spectroscopy leadus to perform amore de-
tailed study of the rock (thin sections). Ultimately we obtained insight
about the ﬂuctuating nature of the sinter and travertine deposits in
Fish Lake Valley, which suggests variable ground water and thermal
ﬂuid mixing through time.
Remote sensing can complement ﬁeld geology through identiﬁca-
tion of minerals that are inconspicuous in the ﬁeld, thus remote sensing
can help focus ﬁeld efforts in high potential areas. The technique is ideal
for initial reconnaissance over large areas, especially over places like
Fish Lake Valley where there is little vegetation cover. The visible to
shortwave infrared wavelength range (0.45–2.5 μm) works well for
geothermal exploration as important geothermal indicator minerals in-
cluding alunite, kaolinite, opal, and calcite are easily identiﬁed by their
diagnostic spectral shapes. We generally ﬁnd that a 2–4 m pixel size
works well for geothermal exploration because hot spring deposits
and hydrothermal alteration are typically tens of meters in size. A
hyperspectral-inspired DCS combination using bands at 2.16, 2.21, and
2.24 μm was found to highlight geothermal indicator minerals well
andwill be used as a quick and easy geothermal reconnaissancemethod
in the future. A DCS image of the ASTER bands at approximately those
wavelengths (ASTER bands 5, 6, and 7) highlights travertine, sinter, ka-
olinite, and alunite, andmay be used as a cheaper option for geothermal
reconnaissance over large areas.
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